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Abstract: The fractures in brown coal influence fluid flow and deformation in these materials.
These fractures display highly heterogeneous characteristics in the distributions of their apertures,
separations and orientations. While discrete fracture models have previously been used to analyse
the effects of fractures, such models are not feasible for the scales encountered in many brown-coal
mines. Instead, here a continuum permeability model is used to capture the effects of the fracture
heterogeneity on fractured coal. This paper presents an analysis of the fracture heterogeneity of
brown coal at the AGL Loy Yang coal mine in Latrobe Valley and its influence on the fluid flow,
dispersion and rock stability. A stress dependent fracture permeability is considered and captures the
effects of heterogeneity in the fracture aperture and orientation. Numerical simulations conducted
with multiple plasticity models present different flow paths and potential failure modes depending
on the the implemented boundary conditions.

Keywords: fractures; hydraulic properties; numerical modelling; fracture strength

1. Introduction

Brown coal slope stability in open-cut mines is greatly influenced by the in situ
fracture network and its effect on the flow of fluids within those slopes. The fracture
network permits more fluid flow along preferential fracture planes and decreases the
overall strength of the material [1]. The fractures also allow for the transmission of fluid
contaminants within the slope [2–4]. However, the precise effect of the fracture network on
a rock mass may be difficult to characterize due to its heterogeneous nature [5–8].

Several numerical models have been developed to represent the fracture network
and simulate its effects on the fluid flow and rock strength. Common approaches include
Discrete Fracture Networks and Equivalent Continuum Models. Discrete fracture net-
works explicitly represent each fracture and their effect on the rock strength and flow
properties [9–12]. However, these can be computationally intensive and may require exten-
sive knowledge of the fracture distribution [13].

Instead, modellers often attempt to represent the effects of the fracture network via so-
called equivalent or effective continuum models [14,15]. Such models consider the impact
of the network on the rock’s bulk properties. Nevertheless, in many cases, equivalent-
continuum models assume that uniform fracture properties can accurately represent the
network’s effect on the rock mass [16–18]. Such models often assign a single fracture
orientation and strength to simulate the fracture behaviour [19–22]. However, doing so
ignores the natural variability of the fracture network.

In this paper, we consider the role that heterogeneity plays in the behaviour of frac-
tured coal slopes. We introduce an effective continuum fracture model that captures the
coupling between fluid flow and the mechanical deformation. The model accounts for
the spatial heterogeneity in the fracture apertures and orientations by applying sampled
distribution values onto each mesh element. This also allows the response of the fracture
aperture to mechanical deformation and changes in pore pressure to be modelled by cou-
pling it to the effective normal stress. These fractures are treated as a plane of weakness
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with a reduced cohesion and allow for further growth as the pore pressure increases. As
some fractures expand more than others depending on their orientation and intial aperture,
the effects of the heterogeneity on the network permeability and fluid dispersion are also
represented. These models are used to illustrate the effects of the heterogeneous fracture
network on the deformation, permeability and fluid dispersion in a block of brown coal.

2. Methodology

The following sections outline the coupling between the flow of fluid with the fractured
media and its mechanical deformation. More specifically, it describes the calculation of
the fracture permeability, the effects of stresses acting upon the fracture-network and the
fracture distribution at the AGL Loy Yang brown-coal mine.

2.1. Fracture Permeability

The effective continuum permeability model assumes that the overall hydraulic con-
ductivity of the slope is determined by the fracture-network [23]. The permeability of each
fracture is represented with the parallel plate approximation:

κ f rac =
h2

12
, (1)

where κ f rac is the permeability of the fracture and h is the hydraulic aperture [24–28].
However, this does not account for the roughness of the fracture and should be taken as the
maximum permeability with given aperture. Nevertheless, the mechanical and hydraulic
aperture are almost equivalent for fractures with large apertures [29,30].

A spacing d between fractures is added to account for a fracture set, the three-
dimensional permeability becomes:

κ
joint
ij =

h3

12d
[δij − ninj] (2)

where δij is the Kronecker delta and ni is the fracture normal [31,32]. However, the hy-
draulic aperture, h, of the fracture is affected by the stress conditions acting on the fracture
network. Several models such as Seidle et al. [33], Liu & Rutqvist [34], Chen et al. [35] and
Yan et al. [36] represent this this relationship using the following equation:

h = ho exp(−Chσe f f ) , (3)

where Ch is the fracture compressibility, ho is the initial hydraulic aperture, σe f f is the
effective stress. The effective stress is the difference between the stress acting perpendicular
to the fracture and the pore pressure. In addition to this, a normal plastic strain compo-
nent is added to represent permeability hysteresis that can be observed in fractured rock
masses [37–39]. The relationship then becomes:

h = ho exp(−Chσe f f ) + εnd , (4)

where εn is the normal plastic strain and d is the fracture spacing as before. The fracture
compressibility measures the change in the fracture porosity based on the stress applied:

Ch =
−1
φ f

∂φ f

∂σe f f
, (5)

where φ f is the fracture porosity [35,40,41]. An extensive review by Tan [42] reports a
range of coal fracture compressibility values up to 0.2 MPa−1 for brown coal. A value of
0.1 MPa−1 is adopted for the compressibility in this paper.
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2.2. Fracture Distribution

Probability distributions were fitted to fracture data provided by AGL Loy Yang to
represent heterogeneity in the coal fractures. More specifically, log-normal and log-beta
distributions yielded excellent representations of the fracture apertures. Figure 1a shows
that a majority of the fractures are less than 10 mm, however the small number of large
apertures greatly increase the average size. Three Gaussian distributions were fitted to the
fracture orientations to account for the multiple joint sets present as shown in Figure 1b. A
majority of the fractures are vertical, however there are horizontal bedding planes that exist
and need to be considered to account for the heterogeneity. These provide a majority of
the horizontal permeability as shown with the minor fracture plane in Figure 1c. Figure 1c
represents the distribution of permeability compared to the original raw data from AGL
Loy Yang. It considers the effects of the aperture and orientation distributions and shows
the permeability in each joint set with significantly higher values in the primary vertical
orientation compared to the minor horizontal plane.

The fractures used in Sections 3.1 and 3.2 were sampled off these fitted distributions
to provide an accurate representation of the AGL Loy Yang brown-coal mine. More details
on the fitted fracture distributions can be found in Hu et al. [43] and Hu and Walsh [44].

(a) (b)

(c)

0 1 2 3

Perm eability (m 2)

x10
-8

0.0

0.2

0.4

0.6

0.8

1.0

C
u

m
u

la
ti

v
e

 P
ro

b
a

b
il

it
y

Figure 1. The distribution of fracture properties: (a) Log-normal and log-beta distributions fitted
to the raw data; (b) a stereonet of the distribution of fracture orientations dominated by vertical
fractures; (c) the permeability distribution of each fracture axis accounting for the distribution of
apertures and orientations.

2.3. Mechanical Properties

In addition to affecting the permeability, the fractures also influence the mechanical
strength of the coal [45,46]. We represent this in the model by introducing a weak-plane
model that reduces the coal’s tensile strength along particular directions. In the model, the
planes of weakness are aligned with the same orientations as the local fracture normals
that were generated from fitted aperture and spacing probability distributions. The tensile
strength of the fractures may be adjusted such that they have zero strength in tension or
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such that they are assigned a nominal residual strength. The weak plane failure surface
is applied in addition to the regular plastic failure surface for the coal body—allowing
the coal to fail along other planes under the appropriate conditions. The Mohr Coulomb
plastic failure criterion are applied for the coal body with average brown coal properties.
Several studies conducted on the brown coal at Latrobe Valley indicate a cohesion of
approximately 0.15 MPa and a friction angle of 30◦ [47,48]. Nevertheless, these values
represent the properties of fractured coal. Instead, to represent the strength of the intact
coal as a bulk material, a cohesion of 3 MPa is used based on the range provided by serveral
other studies [46,49,50].

3. Results and Discussion

The effects of the fracture distribution were analysed under different confining pres-
sures. Numerical models using the effective continuum model were then simulated to
capture the effects of the fracture heterogeneity on fluid flow and plastic strain.

3.1. Confinement Effects on the Permeability

A series of numerical simulations were conducted to understand the effects of the
fracture heterogeneity on the system permeability at different confining stresses. The
confinement is applied at different depths below surface with an additional in situ stress
ratio to represent horizontal confinement. Several studies investigated the horizontal to
vertical in situ stress ratio in the Latrobe Valley mines and estimated it to be from 0.4 up
to 1 [48,51,52]. A ratio of 0.5 is adopted to represent the AGL Loy Yang brown coal mine.
The results of these simulations are then compared with a high in situ stress ratio of
2.0 found in other areas within Australia [53,54]. Depths of 50 m, 100 m, 150 m and 200 m
were considered to compare the effects of different confinement under both saturated and
unsaturated water conditions.

Numerical simulations were conducted on a block of coal with different applied con-
fining pressures to represent varying depths and in situ stresses. Fluid flow was added to
simulate saturated and unsaturated conditions. The average permeability tensor was then
extracted from the simulations and plotted as ellipsoids in Figure 2. Figure 2c,d are under
saturated conditions. There is minimal change in the orientation and the magnitude of
permeability with the increase in depth as the pore pressure caused by the fluid keeps the
fractures open. The mean vertical permeability for a 0.5 in situ stress ratio is 8.3 × 10−6 m2

at 200 m depth under saturated conditions. This decreases to 7.6 × 10−6 m2 under an in
situ stress ratio of 2.0. However, this is not the case when the system remains unsaturated.
Figure 2a not only shows a decrease in the permeability compared to the saturated condi-
tions but also a change in orientation under 200 m depth. The fracture permeability become
more vertical due to a higher vertical pressure closing the horizontal fractures. In contrast,
Figure 2b applies greater horizontal stress than the vertical so the orientation does not
shift as the fracture network is dominated by vertical fractures. However, there is a larger
reduction in the magnitude of permeability due to the higher stresses acting on the vertical
fractures. The unsaturated permeability decreases from 5.5 × 10−6 m2 to 4.6 × 10−6 m2 at
200 m depth with the increase in the in situ stress ratio.

3.2. Numerical Simulations on the Fracture Aperture Heterogeneity

The effects of the fracture network on the dispersion and mechanical deformation of
the coal were simulated in the Multiphysics Object-Orientated Simulation Environment
(MOOSE) created by Idaho National Laboratory. MOOSE has previously been used to
couple numerous physics such as solid mechanics, fluid flow and heat conduction [55–57].

A series of numerical simulations were conducted to capture the effects of the fracture
on the dispersion and deformation in coal. Firstly, two simulations were conducted under
200 m confinement with both unsaturated and saturated conditions. Fluid is added in
from the left side and allowed to flow out on the right to capture the dispersion caused by
the fractures.
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Figure 2. The permeability tensors at depths of 50 m, 100 m, 150 m and 200 m plotted as ellipsoids.
There is a noticeable change in the permeability magnitude and orientation under unsaturated
conditions under different depths as well as between in situ stress ratios of 0.5 (a) and 2.0 (b). There is
a small permeability difference under saturated conditions between in situ stress ratios of 0.5 (c) and
2.0 (d). The length of the scale represents a permeability of 2 × 10−6 m2.

In addition to analysing the dispersion, two separate models were used to illustrate
the mechanical effects of rainfall in an unsaturated coal block with randomly sampled
fracture orientations from the previously fitted distributions in Section 2.2. These models
apply a fluid inflow at the surface of the simulation and include a mechanical strength
in the fractures and bulk material. The fluid flow is driven by gravity and coupled with
the fractures so that the fractures can expand with the decrease in normal stress as shown
in Equations (3) and (4). To illustrate the effects the fractures have on the possible failure
mechanisms in the model, two scenarios are compared with different degrees of heteroge-
neous fractures. In the first scenario, the fracture aperture distribution is limited to a range
of 20% from the mean aperture size. The second simulation removes this limitation and
samples directly from the aperture distribution. A variable flux boundary condition was
applied on the surface that permits more fluid flow with larger apertures. The fluid flux
gradually increases and will travel towards the ground water table where a constant pore
pressure was set at the bottom of the model. The numerical model is fully coupled so the
pore pressure will increase as the fluid flows in the clock of coal and decrease the effective
normal stress acting on the fractures. This allows for the fracture to expand and contract as
the simulation progresses.

The resulting streamlines of the random aperture fields under saturated and unsat-
urated conditions are shown in Figure 3. There is much high retention time of the fluid
in the coal under unsaturated conditions. This results in less fluid mobility as shown in
Figures 4 and 5. Trend lines with a gradient of 0.5 were fitted to the standard deviations of
the log-displacement in Figure 5c,d. The values of the standard deviation is proportional to
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the dispersion and can be used to calculate the dispersion in the horizontal and vertical
directions by applying the equation:

σ =
〈

∆x2
〉1/2

= (2Dt)1/2 = (2αut)1/2, (6)

where σ is the standard deviation, x is the displacement, D is the dispersion, t is the time, α
is the dispersivity (m) and u is the average velocity (m/s)

(a) (b)

Figure 3. Streamlines of the fluid flow under 200 m depth with 0.5 in situ ratios in the 100 m by
100 m block of coal. The fully saturated conditions (a) have a lower retention time (shown in seconds)
compared to the unsaturated conditions (b).

(a) (b)

Figure 4. Plots of the displacement (shown in meters) of the streamlines sampled at times 2 × 105,
4 × 105, 6 × 105 and 8 × 105 seconds for: (a) Unsaturated conditions and (b) Saturated conditions.

There is a higher dispersivity coefficient, α, in the horizontal (x) direction than the
vertical as shown by the values calculated in Table 1. This is expected as there is no
pressure difference in the vertical axis to force fluid flow, and longitudinal dispersivity is
typically greater than transverse dispersivity. However, it should be noted that the vertical
dispersivity decreases under saturated conditions, while the horizontal dispersivity tends
to increase. This is due to the significantly higher horizontal dispersivity so the horizontal
fractures expand more than the vertical. Thus, permitting greater transport in the horizontal
direction than the vertical.
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(a) (b)

(c) (d)

Figure 5. Plots showing the: (a) horizontal displacement of the streamlines over time (b) vertical
displacement of the streamlines over time; (c) log-standard deviation of the horizontal displacement
in the streamlines and (d) log-standard deviation of the vertical displacement in the streamlines.

Table 1. The calculated dispersivity in each direction.

Unsaturated Saturated

Horizontal Intercept −1.791 −1.692
Vertical Intercept −2.206 −2.156

Mean Horizontal Velocity (m/s) 0.000141 0.000216
αx 0.927 0.954
αy 0.137 0.113

The mechanical effects of a random aperture field can be observed in Figure 6. From
the beginning of the simulation, the inflow flux is more localised at one location where
there is a large aperture. In contrast, the first simulation with a limited aperture distribution
presents an even spread of fluid flux and a more uniform spread of pore pressure with
lower magnitudes. This inhibits localisation of fluid and build up of pore pressure so the
effective compressive normal stresses remain high and no failure occurs. However, when
the full extent of the fractures apertures is considered, there is a localisation of fluid flow
and deformation matching the predominant fracture orientations at the location of the
largest fractures. The concentration of fluid also reduces the effective normal stress in those
fractures, allowing them to open up and permit greater amounts of flow. The continuous
increase of flow over the course of the simulation in localised regions further reduce the
compressive normal stress and permits more fluid flow in these areas. This results in a
gradually increasing plastic strain matching the predominant joint orientations in locations
of high aperture size. However, the plastic strain and fracture opening is limited to the
surface due to increasing compressive forces with depth. There is also a large strength
difference between the fractures and the bulk coal material, hence all the plastic strain is
attributed to expansion in the fractures.
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Figure 6. Results of the two simulations showing the log-magnitude of Darcy velocity, pore-water
pressure and resultant plastic strain with restricted and fully sampled apertures.

4. Conclusions

The ability to capture the effects of heterogeneous fracture networks is important
for mining operations that involve highly fractured media, such as brown coal. An ef-
fective continuum fracture-network model was presented in this paper that captures the
influence of fractures on the mechanical stability and fluid flow in rock formations. The
present approach ascribes individual fracture properties to each element, sampled from the
underlying probability distributions.

A heterogeneous fracture field with properties based on those observed in a real
coal mine was simulated using the model. The results illustrate how different confining
pressures affect not only the magnitude of the permeability but also the dominant direction,
as some fractures close more than others depending on their orientation. The mechanical
behaviour of the heterogeneous fractures was compared with that of a more uniform
distribution in response to an applied fluid flux. The heterogeneity presented a case of
localised fluid flow reducing the effective stress acting on the fracture and allowing it to
expand. This permitted more dispersion in the dominant flow direction as these fractures
expanded more. The fluid flow also produced regions of high plastic strain that were
not observed in the simulations based on a uniform aperture field. These results indicate
that localisation of deformation may not be observed with average properties, instead
an accurate distribution of fracture properties must be sampled to observe the effects of
heterogeneity to accurately assess the stability of these slopes.
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